To quantitatively predict the static and dynamic characteristics of a head slider while flying over a patterned disk, the mixedly averaging method has been successfully applied to the molecular gas lubrication problem incurred by groove-shaped textures formed over the lubricating surface. First, formulation of ADI method by using mixedly averaged film thickness is derived and implemented into an interactive numerical simulation system. Then, spacing variations of typical sliders on a patterned disk surface are demonstrated.
INTRODUCTION
A patterned disk has a possibility to allow for an increase in the bit density at a low cost. The pattern is constituted of two kinds of textures as shown in Figure 1 . One is continuous circumferential grooves over the data zone, which serve to insulate interference between adjacent tracks, and the other is discontinuous radial grooves over the sector zone, which give signals for track recognition and head positioning. The most significant technical concern for this development is the spacing variation excited when passing through the sector zone.
One of the authors established the mixedly averaging method (MAM) for calculating the transient response of a slider while flying over a surface having sinusoidal roughness [1] . This method has an advantage in the expression of Reynolds equation using two kinds of smooth surfaces determined by two kinds of averagings, that is, arithmetical and harmonical averagings [2] . This enables us to differentiate polynomials of film thickness, which is essential for the ADI (Alternative Direction Implicit) method. For rectangular roughness, however, differentiation is very complicated due to the discontinuous film thickness. In this paper, formulation of the ADI method using mixedly averaged film thickness is derived in the general form. Then, flying characteristics of typical head sliders while flying over a patterned disk are demonstrated.
NUMERICAL FORMULATION
The MAM is the way in which film thickness and film thickness cubic appearing in Reynolds equation are replaced with the mixture of the arithmetically and harmonically averaged values. For details of the MAM, one should refer to [1] . Simply, the averaged film thicknesses in the i ( , i x y = ) direction are defined as where p α and s α denote mixing ratios, and β designates a moving/stationary switching parameter, respectively. The bar and hat on a character mean arithmetically and harmonically averagings, respectively. Then, pressure is given as an averaged value, p . Considering patterns shown in the bottom panel in Figure 1 , four kinds of unit roughness models, as shown in Figure 2 , seem satisfactory.
In these models, anisotropic effects can be taken into account by a parameter, γ , which is defined as the width-to-
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Because the film thicknesses in Eq. (1) are transformed into smooth and continuous values, the ADI (Alternative Direction Implicit) method for solving Reynolds equation in the time domain can be applied to the averaged lubrication equation [2] . Formulation of the calculation procedure, however, is very complicated and troublesome. Finally, simple and irreducible forms were successfully yielded by using "Mathematica".
CALCULATION CONDITIONS
To obtain the transient response of a slider, the alternative solution method between the dynamic equation of the slider subject to two degrees of freedom and the lubrication equation was employed [3] .
Three kinds of nano-sized sliders were selected. These are (a) taper-flat (TF), (b) negative pressure (NP) and (c) step-pad (SP), whose specifications are: length 2.00mm, width 1.56mm, mass 5.48g, pitching inertia 2.11 mg/mm2. These sliders are designed to have the same minimum spacing of 0 h at a disk velocity of U=10m/s and a loading force of F=29mN (3gf).
RESULTS
The present method is applied to simulate spacing variation of sliders when flying over a specified patterned disk. To exaggerate the effect of patterning, groove depth of d = 3, 10, 25nm are selected, while lengths of data zone and sector zone are typical values of 780 and 20 µm, respectively. Figure 3 demonstrates the calculated spacing variations for the sliders. Note that, for the NP slider, calculation was unstable under the condition of d = 25nm, because a peculiar phenomenon of unstable vibration arises.
From Figure 3 , the effects of patterning are found to arise in the two ways: one is the reduction of operation spacing, which is mainly related to the pattern on the data zone, the other is the excitation of vibration caused by passing through the sector zone. As for the excited vibration, the waveform of the TF slider is rather smooth nevertheless the depth of the pattern is as deep as 25nm. On the other hand, for the SP slider, small peaks appear on the waveform that correspond to passing through the sector zone. Note that the high frequency component superimposed onto the waveforms is transient response of the slider subject to the natural frequency. From the comparison on Figure 3 , the SP slider is found disadvantageous in the two points, large reduction of spacing and high frequency response to passing through the sector zone. These demerits are originally from the fact that the lubricating surface of the SP slider is separated into three parts, which leads to a high sensitivity to irregularity on the lubricating surface. Figure 4 shows minimum, maximum and average value of spacing h 0 as a parameter of groove depth d for TF and SP sliders. As the TF slider tends to be excited in the large d conditions, difference among these three values increases as d increases. From the view point of the spacing fluctuation, the SP slider has excellent properties compared to the TF slider.
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